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By Xarl Zinner

The developnent of internal conbustion engines with
independent ignition to the modern high-speed engines is
closely allicd with knocking., There have not been nany
changes in operating cyele, nor in the nethod of trans-
forming chenical fuel energy through heat into moition
energy, since Ottols day.

Ever since the fuel-air mixture iantroduced into the
cylinder has beon compressed by the piston prior to igni-
tion, and since thet tine it has been proved in practice
that the power and efficicncy of this nethod are directly
associated with the degrec of precompression. The degree
of preconpression finds a linit in the knock with its cone
conitant high mechanical and thernal stresses. While at
the beginning this 1linit had Dbeen tacitly accepted, the
reseorch work and development during the past twenty venrs
has becn dirccted toward pushing this linit further so os
to be able to raise the power and the efficicney with the
preconpression (refercnce 1).

In this conncetion, one of the most significant dis-
coveries was that, during the change from normal combus-
tion, characterized by a modera%e rate of advance of the
flame front from the igniting source, to knocking combus~
tion, the processes in the portion of the mixture burnecd
last were responsible for the knock, It was possible to
prove that the knocking consisted of a sudden rise of com-
bustion speed to a multiple of the normal speed, which
suggested a dissimilar combustion characteristic from that
of the flame propagation. Without requiring at first a
corrcct explanation of the underlying causcs of this ex-
Plosive combustion nor a better knowledge of processes in-
volved, the concept that it depends upon the state of the
last part of the charge to bura, "thc residual charge has
proved cxtremely fruitful for the development of the Otto

*WKlopfvorgang und Verbrennungsraum." Automobiltechnische
Zeitschrift, vol. 42, no. 9, May 15, 1939, pp. 251-259,
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cycle engine. It seens obvious that the process of knock-
ing depends on the pressure and temperature which the
mixture, as yet untouched by the flame front, can sustain
without itself becoming ignited, i.e¢., on the structure

of the fuecl itself and on the the opportunity the mixture
has of absorbing this temperature from the walls and the
advancing flame front. In connecction with these views,
the attompts to prevent knocking were chiefly centercd on

1. The fuel,
2. Fhe nixture distribution,
3., The combustion chamber shape.

The grecatest progress has becen achieved probably with
the fuel, although even here the end has not been reached.
It has been recognized tliat the knock tcndency of gasolines
could bec substantially reduced by admixtures of benzol and
alcohol; processes in gasoline refining have been perfected
which assurc nore stablc products, and the introduction of
tetraethyl lead has lowcred the knock tendency cven morce.

As regards the mixture composition, the effect of the fucl-
air ratio on knocking has been explored, and attempts haove
been nade to raise the knock limitation by stratified

charging,

The present report is confined to the effect of the
conbustion chamber shape on engine knoek from threc angles,
namnecly:

1. The uniformity of flame-front movenent as affected
by chanber design and position of spark plugs

2. The speed of advance of the flamne as affected by
turbulence and vibrations:

%3, The reaction prccesses in the residual charge as
affected by the walls.

MANIFPESTATION AND COUSEQUENCE OF KWOCKING

The explosive combustion of the residual charge ex-
cites the gas mass, which, in turn, induces the combustion-
chamber walls to vibrations perceptible by ear as a ringing
noise, detected by microphone or Midgley's bouncing pin.



N.heC.As Technical Memorandun Fo. 914 3

The narked rise in the combustion rate at knocking

- nust-equally .express. itsclf in the pressure distribution.
Unfortunately, the inception of the knoek, ‘i.ecst-the in-.
stant of the change from nornal to knocking combustion,
is not very distinct on the pressure distributioan, becausec
by that time the expansion due to the piston motion is
usually already superimposed on the pressure rise by the
conbustions Through the formnagtion of the first or second
differential quotient of the pressurc-tinme or pressure-
piston path curve directly from measurcment, the pressure
change due to the knock inception can be nore strongly
expressed, although it should be remenmbored that this
method indicates nothing not already contained in the
pressurc distrivution record, cven though less obviouslye.
Since the pressure rise due t0 the knock noves through
the goas mass at sonicvelocity, the knock reading is sub-
jeet to a certain phasce difference and even danping, de-
pending on the location of the test point.e The neasure-
nert of the pressure vibrations induccd by the knock and
superinposed on the pressure distribution in amnplitude
and freguency by way of a special oszcillation rccord an-
plification 1s, of course, also affected by the indicator
orifice, the inertia of indicator and recording mechanisn
and the position of the test point.

Given identicelly responsive pick-ups, the method of

vibration mcasurement is preferable, however, to the sin-

ple pressure recording nmethod, as the amplitudes of a vi-

! bration can De nuch better followed than variations on a
curve.

The rise of combustion rate in the residual charge
following the knock has been proved by following the flame
path with the ionization gap and slow notion picturese.
Schnauffer, with ionization gaps fitted in the combustion
chamber (fig. 1) proved that the flame speed of the non-
detonating conbustion in the engine amounts to only about
30 n/s, depending on the turbulence, but rises to 300 n/s
and nore at detonation (reference 2). (Sce fig. 2.)
Rassweiler and Withrow obtained similar results (reference
3). (See fig. 3.)

N

L4

The knock manifests itself in a reduced power output
even if it starts after dead center where the approach to

combustion at constant volume réally should be followed
by an improvement in power.

This decrease in power output is probadbly above all

e
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attributable to the increased wall losses, since the knock
vibration speeds up the heat transfer from gass nass 1o
wall guite considerably, and then also to the dispersion
of encergy resuliting fron the hanmer-like stresses of the

gears. The enhanced heat transfer at knocking and the
rqpld pressure rises inducc higher nechanical and thernal
stresses, which nay causc rapid failure of the stressed
conpenentse.

EXPLORATION OF THE KXH¥OCK

There arce two sth‘cs to Te considered: First,

the determination of tite effect of outeide conditioans,
namely, fuel, operating conditions (for iastsnce, pres-
surec and tenperature of nixture, excess of air, conpression

ratio), and the combustion chamber design (its shape,.
position of spark plugs and valves, turbulence) on the
appecarance of the knocl., The second stage concerns the
processes in the residual charge itself during and shorily
before combustion.

The explanation of the fact of knocking as of the ex-
plosive combustion of the residual charge scened readily
given: The fuel-air nixture is preconpressed by the piston
te a pressure and a tenperaturc still at sonc distance
fron the conditions of auto-ignition. The ignition spark
i”nite~ the nixture nezxt to the spark plug, produces a

2ll flane nucleuvs which, throupgh heat transfer onto the
mQJ&CCLt layers ignites tlhicse and so increases rapildly
As a result of the heat expansion of the burnt gas, the
still uandburnt nizture is compressed, its pressure aad ten-
peroture rising through this conpression, os well as through
the rediation offect of the flame, and so altering its con-
dition of igniting. In that way the auvto-ignition linits
can be excceded, whence the rest of the charge then durns
very suddenly without relation to the specd of flame motion
conditioned by hceat transfer and flow. The sudden conbus-
tion causcs an abrupt pressure rise which moves as a pres-—
sure wave through the gas mass ard on 1mp1nglng at the
cylinder walls produces a ringing noise? the knock.

THE PROCESS OF DISPLACEMENT

The actual speed of flame nmovenent in closed contain~
ers consicts - ¢quite apart from the flow -~ of the ignition
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specd duc to heat transier and the speed of displacenent
-due to .the expansgion of the burnt gas. '

This process is illustrated in figurc 4, and indi-
cates the spread of o flame front in a spherical bonb
with central ignition, the position of the flame front,
and the nmovenent of the individual gos layers reprcsented
by thelr radius r TDbeiny computed from the »ressurc dis-
tribution as rccorded by opticol indicator. This calcu-
lation wos carried out under certain sinplifying assunp-
tions such as heat impermeability of walls, constant spe-
cific heat, iafinitely rnjid balance of jpressure riscs
over thoe chanber (refereace 4). The radius r of o cere-
tain spheric~l layer is seen tc¢c incrcase so long as it
has not been reachod by the flone frecant. At the instant
of »assame of the fleome front, the motion ig reversed,
becavse then the outer layers arc subjected to heat ex-
pansions Tae tenporature risc of the unburnt gas as a
recsult of the comprcssion can be conputed: Assuning heat-
proof walls, it anounts to abouvt 200° C. for the residual
charge of the exanple in ouesticn. Fron the math of the
flane front with respect to tine, its speed can be de-
duced. The rate of {isplercenent is highoest at start of ig-
nition, wrore the comyression of the still huage uwuaburnt
part acts least against the expansion of the burant part.
Tho lincar ignition speed increascs with the temperature
of the undburat rart rising with the progress of the com-
bustion. '

-

Tihe effect of combustion chanber shapc and spark »nlug
setting on the rate of displacement and hence on the flane
notion is readily appsrent. To illustrate: Sonparc the
flane movenent in 2 cone ignited at the tip with that in o
cylindcer and assune identical ignition speed in both chan-
bers, an assunption permisgsivle when disregarding the wall
effects and the flame front curvature on the propagoation
(fisge B). Having covered half the cyliander or cone height,
50 percent is burncd in the cylinder but only 1/8 of the
content in the cones. Owing to the larzer burnt volune,
tae flame front in the cylinler - under eqgual conditions -
hag thercfore advanced farther than in the conc., Forother
reports on the displacenent in dissimilar shapes, scec ref-
ercnce D :

On comparing the kunock tvendency of different combus—~
tion chanber forms with the rise in conbustion spesed due
to displacencunt effeet of the flamc, it was found that the
choanters with the lowest rate of displacenent haod the lcast
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tendency to knock. Accordingly, it was concluded that
the knock depended on the rato df comdbustion of the part

of the charge burning first, perhaps in such a manner
that during the faster advancce of the flame front the auto-
ignition conditions of the residual charge are excceeded
soonest, because it can then dissipatec less heat.

This definition of the effect of combustion chanmber
shapc on knocking as a result of a raised combustion spced
does not hold under closer examination. Because, quite
apart from the fact that many fuels (hydrosen) have less
tendency to knock in spite of a high rate of combustion
than others with lower rate of combustion, it still would
be impossible to explain for instance why a nixture, ig-
nited sinultancously at several stots, with much greater
rate of combustion and hoence rate of compression of un-
burnt gas has less teundency to knock than with ignition
at onc spot.

EXPLOSION WAVE

On 1bn1t11ﬂ fuel-air nixtures in pipes, it may be
obscrved that the propagation of the combustion rises to
enormous specds under certain circumstances. The result-
ing explosion wave, also torrned detonation {identical with
the so-called fire danp), differs fronm the normal flane
novenent due to heat transfer in the behavior of the burnt
mas layers - the conbustion gases - behind the flame front
(reference 8). While in normal flame novenient - amounting
to a fow neters per sccond at atmosphere pressure and
temperature conditions for our fuel-air mixture without
turbulence - the burnt gas layers have a motion opposite
to tant of the flane, the gas layers cxpanding as .a result
of conmbustion with the explosion wave push the flame front
ahecad of itself. The change fron normal conbustion to ex-
plosion wave is characterized by the fact that the conbus-
tion goses cannot flow from the flame frount at arbitrary
speed, thus stowing up pressure behind the flame front,.
This process, in constrast to the previously d described dis-
placer effcct for which infinitely rapid pressure equal-
ization was assuned, is not bound to closed chambers. The
higher pressure speeds up the flame movenment resulting, in
turn, in greatcr pressure risec as a result of the combus-
tion, uwatil this is ultimately carried forward as a pressure
wave with the sonic velocity corresponding to the state of
the conbustion gases - up to 3000 nmeters per second.
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It sugsested itself to associate the lmock in the

b

Otto engine indicated by a marked rise of combustion ve-

~“loclty with the explosion-wave, and this process in the

engine was actually tormed at tines "detonation." But
closcr investigation of engine knock nnd explosion waves
have revealed the existence of fundanental dissinilarities
hetwecn the two processes. The creation of an cxplosion
wave is bound topipes with ninimum cross-sectioannl changes
and to ontrance lengths which do not prevail in the engine.
The speed of propagation rccorded in the knocking conbus-
tion (reference 2) is much lower than that of the explosion
wave, the conbustion at dstonation does not start fron the
flame froat but from auvte-ignition aunclel in the residual
charge (reference 3). Different fuels oand additions to
fuels react differeat t¢ engine knock and to the explosion
wave (refoerence 7). This dissinilar behavior is, accord-
ing to our present state of knowledsge, attritutadle to the
advance reactions in the compressed nixture prior to the
arrival of the flame front, whercas with the explosion wave
no such advance rcactions occcur in the part cof the nixture
nct yet rcached by the flane front.

Since, in Germany, the tern detonation is gererally
preferred for explosion wave and the knock in an engine
is not synonynmous with explosion wave, it would scen per-
haps better not to use the word etonatiod for the concept
of knock proccss in the Otto engine. When the Englishnan
uscs the word "detonntion" for "knock," he combines with
it all rapidly occurring combustion phenonena in the scuse
in which we CGermans use the word explosion.

X¥EOCX VIBRATIOWS

While discussing the displacer effect, 1t was pointed
out that the layers on passane of the flame front uandergo
a reversal of notion whieh incites the gas nass to vibra-
tions. It was suspected and also proved that these vibra-
tions, which are thrown back at the walls of the conbustion
chanber, increase in turn the rate of conbustion and so
can fluctuate between considerable values (reference 8).
This conbustion-induced vibration is illustrated by the
oscillograns (in fig. 6), of the pressurec variation at ig-
nition of a fuel-air nixture in a cylindrical bomb, along
with the superinmposed vibration (reference 9), Such vi-
brations can equally be ncasured in the engine. The extent
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to which the rise in combustion speed caused by the vibra-
tion effects the knock in the ongine, i.e., to what degree
the vibration of the gZas mass is in the main only the re-
sult of the knock and hence a criterion for it, is at pres-
ent not amenable to conclusive appraisal.

Many phenonena obgserved in the exploration of the
knock, particularly of the behavior of the diffcrent fuels
and their influence by additions, point toward kinetics of
reaction in the precompressed mixtures as the probable
chief cause of the knock. 3But hefore proceeding with the
discussion of these processcs, we shall describe the prac-
tical results in the design of the combustion chamber which
have proved gsuitable in the reduction of the knock inas-
nnuch as this developnent preceded the resecarch of the chen-
ical-physical causes of engine knock.

COMBUSTION CHAMBER SHAPZ AWD KNOCR EXPERIMENTS

Ricardo was probably the first to nake systenatic
tests of the effect of combustion chamber design on engine
knock. His findings are briefly as follows (rcference 10):

The path of the flame from the spark plug to the far-
thest corner of the combustion chamber should be as short
as possible. The thus obtained short combustion period
is important for the gquality of combustion as well as for
the knock; the most beneficial design from this point of
view 1s the pent-roof type of cylinder chamnber with the
spark plug in the ridge of the roof, or else the disk type
of chanrber with horizontal valves (figs. 7 and 8). Corners
remote from the spark plug in which the mixture becones
gquiescent should be avoided. Since the actual rather than
the relative flane path governs the knock, the larger cyl-
inder of identical design and under identical operating
conditions knocks before the snall one, which latter can
thercfore be nore highly conpressed. But, on acccunt of
the higher heat losses in the smaller cylinder, thaec advan-
tage of higher compression cancels as regards efficiency,
thus naking attainable indicated efficiency practically
independent of the cylinder dimensions,

Asymnetrically nounted spark plugs lengthen the flane
path, hence increase the knock tendency. Two or more
spark plugs mounted so as to ignite the mixture at scveral
points sinultaneously lower the knock tendency very sub-
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stontially, whereas the combustion apﬁroachlnp that of

-woonstont volume as a result of curtailed total conbustlgn

= Tag e I et

period, makes the use of several ;park plugs a source of
considerable power increasec. _ &‘\
- v

Relative to the length of flam path, the cngine {
with laterally disposed valves is inferior to the head )
controlled. PFrom o series of experiments, Ricardo believes
to be able to conclude that turbulence of the charge re-
duces knocking. For laterally controlled engines, he sug-
tests a "high turbulence head" with partly pulled-down con-—
bustion-chamber cover (fige. 9), which pernits substantially
higher conpression than an evenly high disk type of chanber
above the piston and the valves. The turbulence is created
Dy the pressing of the mixture through the slot between
cover and piston during conpression,

Withont abandoning his denand for nininum flame path
length, Ricardo bases the design of the high turbulence
head on the fact that the gap between piston and the pulled-
down part of the cover should not be figured as "effective
comnbustion chaunber" - i.e,, effcective for knock -~ and he
locates the spark plug in the center of the remaining ef-
fective chanber. The hecight of the gap remaining with pis-
ton at top ceater has, accordinsg to figure 10, a potent
influcnce on the conpression ratio permissible for knocke
free operation,

Subscquent tests proved shifting of the spark plug
toword the exhaust valve to be beneficial. For the four
sparlz plug settings shown in figure 11, setting 1 affords
a useful conpression ratio of 5.87:1, as agaoinst 5.65:1 at
setting 2, 5.3:1 at setting 3, and 5.45:1 at setting 4. Al-
though the total flane path for setting 4 is more than 1l.€
tines as grecat as for settinsg 3, the forner allows a con-
siderably higher conpres31on. It is thercfore not only a
natter of flame path length but equally also of the hottest
part of the charge burning first, and the proper cooling
of the part burned last.

One drawhack of Ricardo's high turbulence head is its
rough running, wvhich is traceable to the excessive rate of
conbustion at the start of the combustion. This digadvan-
tage disappears with the "shock-absorbing head! (fig. 12)
on which the conbustion-chamber cover above the exhaust
valve is slightly pulled down also and the spark plug. is
mounted above the exhsust valve. This lowers the combus-
tion rate shortly after ignition.
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In partial contradiction with Ricardo, Whatmoughls
(references 11 and 12) points of view regarding combustion
chanber design are as follows: The tenperature of the
total charge and cspcéeially that of the residual charge
should De kept low, the length +f the flame path is unin-
portant; turdulence should bde avoided sincce then the ten-
perature of the charge rises through absorption of heat
from the hot walls. The M"anti-turbulent" cylinder head
based on these argunents, oan which o very gradual transi-
tion of the combustion chanber iu the cylinder is provided,
igs shown in figure 13. Janeway, anoaz other rescarchers,
holds theot a vertical closing wall toward the gap is ad-
vantageous as it would produce a supplenentary cooling of
the residual charge on beingz pressed in the gap. VWhatnouga,
holding the teuperaturc of the nixture to be more inmportaent
than the flame path demands first of all adequate cylinder-
head cooling and avoidance of ~o»verheated spots in the con-
bustion chambere. The spark plug in any case should be lo-
cated near the hottest point of the chanber. In continu-
nnce of the tendency to cool the regidual charge adequate=-
ly, the sane usceful conpression rntios were then subsc-
quently obtnined for laterally controlled engines as for
top-coutrolled engines, on whié¢h a combustion chanber de-
sisgn with nuch shorter flame paths is possible. The fact
that the pent-roof tywe of combustion chanber affords very
high compression ratio with knock-froc operation, is, ac-
cordin.; to Whatnough, dve in part to the fact that during
the exhaust cycle a protective gas cushion forms before the
‘directly exposed head cof the exhaust valve and so precvents
its overheating (fig. 14).

The further development of the laterally controlled
engine ains at the prcvention of the discharge of hot con-
bustion gasecs over the valve head and hence its overheating,
so that the exhaust valve approaches the cover to within a
snall gap (fig. 15, left, top). To prevent the rapid flow
over the hcad even when the valve is half open, the sidewall
is pulled closc to the valve seat (fig. 15, right, top) or
recessecs in the cover are provided intoc which the exhaust
valve extends on opening (fig. 15, bottom) (reference 12).

The introduction of light alloys with their better
heat conductivity as structural naterinl for cylinder heads
afforded o considerable increase in knock-free admissible
compression ratio. To be sure, the enhanced efficiency 1is
counteracted again by the higher heat losses. The use of
light alloy or copper inscrts in the conbustion cranber at
the points farthest from the spark pluzg increases, because
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of Dbettoer cooling of tre regsidual charge, the lknock re-—
sistance, without the heat losses of the total charge be-

~eoning - xce331v0m~'Coolinfwfin@"n‘the conbustion chanber
at the point of the last burning part of the charge are

provided for the vcry sane reason,

Thesc practical findings sunizarily given here of the
effect of coubustion chanber shape on knocking which are
in part contradictory (short flame path - flane path ua-
important, turbulence knock reducing - turbulence knock
increasing) and a nunber of other phenonena cannot be
rLCOJCll“Q w1th the conpression effect »f the dburnt on the
unburnt ges nor with the explosion wave or the rate of
conbustion augnented by vibratioans. The definition today
is rather looked feor in the reactions in the mixture to
whose cxiplorntion the puculicer and in its causes largely
unexplained behavinur of fuvelg under different conditions
persistently furnishes the inpetus. In order to gain a
basic picture of these mroccesscs, we shall briefly discuss
the chenical kineticsg »f the recactions in thie sos whoscas
civen in a gpeech by Professor Dedensteln and in o report
by ?ro-v.som Jost ot the 1933 scession of the VDI (refer-
ences 13 andl 14).

TED CHIMICAL-PEYSICAL PRINCIPLES OF KIIOCK

Tae chemnical kincetics are basgsed cn the kinetic gas
theory, which, fron an czxperinent of a sinple comprehensive
brsic concent, khas, through a nultitude of cxvperiments he-
cornie o roliable description of tho nctunl behaviour of
ELBCS Ve Tnow that goscs consist of individunl nolcculs
in active motion within +1e wee avoilatle. The ROLIOﬂ
of the individual nmolecules id unidirectional until colli-
sion with the walls of the contalner or with other molecules
caugses them to altor thesir sneed and direction. They re-
act norually as ualer conpletely clastic shock, i.e., they
chniige specd and dircction on attalning nmoneatum and cnergye.
But, uncder certain circunstances, these shoclts causc the
ﬂOluCHlLS to breck up and the relcased atoms or groups of
atoms to furl sthor conbinations.

SPEED O0F REACTIOQN 0F TXET HEAT EXPLOSION

wo types of molccules
oxigtent in the spnce

The probability »f collision
depends upon the number of molecules

O
=
©
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and is, for a given gpped, i.c., d4cfinite temperature,
proportional %o the prod uct 3f the concentrations of the
two substances; for which reascns the speed of reaction
will De propcrtional to the product of the concentrations
of the two counstitutents so far as it does not take
place over other intermediate members, as in the sinples
canse of bi-nislecunlar reaction. At a certain temperature
the mean sheed is, to be surce, definitely defined from oll
nolccules, but tihis speed is very non-uniformly distrib-
nted.s The speed distribution fellows o law of prabability
fornulated nathenatically by Maxwell, Only a very small
fraction of the nolecules, possessing o nultiple of the
nean notion energy is capeble of reaction., Aecording to
the kinetic theory, the fraction w of all molecules, which,
roduced to ong mole possesses the arbitrary cnergy q, is
equal to

w o= oT/RT Y

whercian R is the general gas constant and T the abso-
lutec tenperrturc. On colligion of the nolecules of two
different suhstances the bonds of the old atom combination
nust De substantially locgscned in order to canter o now con=-
bYination. The anmount of cnergy reauired for this loosen~
inz is, referred to gran-molccule, ecqual to the so-called
"hent of activation I kcal/uole," whence the nunber of
shocks leading to a conversion shouléd be wroportionalto

,~B/RT. 1

I

tlo facto hen the spoed of renction for the
sinple bi nolcecular reaction ney be written at
dn =/ nm )
v o= o= =4c¢ Z/RT (2)
a

where v is the speed of reoction, n the conccantration
of o product of reaction,and A a factor depending upon
the coaccntrations of the conponents attaining rcaction.

In this fornula, the unusually closc relation between rcac-
tion spced and temperature is, if E at all aossunes ap-
preciablc valucs, notewcrthy.

If the re-bondinz: of the atons occurs while the atons
arc in a statec of vibration which binds loss energy than
the old bond the rcaction rclcascs cenergy which on colli-
sion is tronsnitted to the other molecules and so raiscs
their sweed ard teuperature. This increment of speed,
unless the tenperaturc is lowered agnin by heat renoval,
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enables more nolcculcs to create activation encrgy, to re-
act and 1n turn ral se the terﬂcrnture and speed of reac-

tion.

With Q denoting the released hent of rcaction per
unit of ‘chanse, the heat relcase& per unit of time is

. dq . .
e: = Q4 ¢"B/RT (3)

Heat transfer on the walls of the contalner rericoves
a gurantity of heat proportional to the temperature daif-
ference Petween gas and wall, wall surface and a heat
transfer factor which in first approximation nay be con-
sidered constant for small ranges:

o
e
Q

| 22 -7 (7 - 1) (4)

Ace ordlag to the speced of the primary reaction and
the heat traansfer throushk the wall of the coutainer the
covrse of recaction nay be divided into the three cases
illustrated in figure 16, where the developed and ecvacu-
ated heat volumes are plotted against tenperature. If the
heat developnent follows according to a temperature reln-
tion represcnted by curve ¢, tenperature T, cannot be
excecded, as then more heat would De removed than produced
(ututh““ry rcaction). Casc b represents the unstable state
of equilibriun at which for temperature T, the speed of
reaction is invariable, if the effect of the consunption of
the original produect on the qoeed of reaction is disregard-
ed. If the produced heat exceceds the removed heat a, cx-
plosion hegins after a certoin time lapse, the induction
tine, becausc tenperature and sgpeed of reaction rise nutu-~
ally. The liniting condition for explosion is that for
T = Ty the developed heat is cgual to the dissipated heat:

Q A emI/RT: = g 7 (P, - 2,) . - (5)

Since the hent of activation B changes fairly little for
a snall tenperature irdterval . and A is dependent on’the
partial. pree ures of the conponents, the explosion condi-
tions réprescnt a relation between partial pressure, chan-
ber teugerutnrc, wall area, and nOdt transfer coefficicent.

In figure 17, where the speed of reaction is plotted
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acninst tine, the lower curve indicates the stationary re-
action, the niddle one the extrene case and the upper one
the explosion with the incduction time 1. The induction
tire T states that the speed of reaction approaches o
after this time lapsce.e Under sinplifying nssunption,

oTE/RT

(6)

PEL

can be derived for T (rofcreances 14 and 16). It is
nointed ouvt as a result that the development of an explo-
sion through auto-ignition processes taktes a cecrtain tine
the amount of which is wmrinarily dependent upon the ten-~
peraturc conditions.

For the determination of this induction time T with
rcspcct to different pressures and temnporatures, there is
a neat experinental layout bduilt by Ricardo with which
Tizard nnd Pre nmade thelr cexperinonts on the aute-ignition
of fuel-air nixtures (references 10 and 15). This experi-
nental arrangencent consists of a cylinder which is filled
with thc frel-air nixture under definite, extcrnally con-
trolled conlitions. A pistona coupled only for the dura—
tion of this conpression with & gear, compresses the nix
ture rapidly; after conuression, the piston is held at the
end of its unpstroke. The pressure during compression aan
during the greater or lesser time lag of the auvto-igniti
ig recorded by optical iadicator. The most important re-
sults, in this connection of particular interest herc, are
the followings

s

1. Depending on the initial state and dcgrece of con-
wression induction tincs - i.e., tine differ-
eaces between piston at top center position and
ignition ~ rangiag fronm a few thousandths to
gscveral scconds were reccorded;

2. The induction tines yicld n teuperanture relotion

according to an cxpoacnticl function;

3. Several diagrams are shown on which at failure of
the clanping mechanism the comprcssion process
wos followed Dby cxpansion and a sccond conpres-—
sion. Although the pressurce and temperaturc
level had sunk considerably at the second cone-
pression ~As o rogsult of heat losses, ignition
took place within comparatively short induction
tines - figured fron the sccond conpression
srocess (fise 18).
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cerns the so-called "hesat explosion." Although every ex-—
plosion in a certain stage changes to heat explogion, the
tenperature rise need not always be the prinary cause.

Tor o great nany reactions the formation of "active® in-
ternediate nenbers is necessary. The so-called "chain
recaction” is characterized by the fact that an active par-
ticle oacc formed rcleases a chemical change following
whick an active particle is agnin releascd. The free
rather thon the Jjust-libherated atons or groups of atons
are hizhly active, l.e., especlally capable of rcaction,
as they possegs freely a high enersy as notion energy pre-—
viougly wound in the molecule as vibration energy. The
renction chain initiated »r such nu aective particle nay be
protractcd under certain circumstances. Reactions of this
kind can be very -strongzly ianfluenced by artificial produc—
tion or destruction of active porticles.

When an active poarticle leaves at 1
or more active particles at the cnd of the
called chain-braanching. Throush this process ¢ ha
hranching the speed of renction can rise cven without ten-
perature increase to the extent thot it 1s not prevented
by chain~interrupting rcactions. This vise in reaction
speed through chain-branching can olso lcad to explosion.
With this reaction process explosions, according to figure
18, startinrg at lower pressure and temperaturc level thon
the nixture had previously reached at any tine, arc ex-
plainable. Without knowing the nechanism of reaction in
detail, it can be proved that the speed of reaction through
choin-branching has a temperature relation confornable to
an expoacuntinl function (refereuce 16). Since o chain
interruption directly suvppresses o great number of succes-
sive rceactions, a very potent effect can be exercised by
adnixture of chain-interrupting substances in small gquaan-
tities. The action of +theosc sudbstances, for which netallic
oxides in nmolecular solution are best suited, is not to be
understood as solely disactivating individual nolecules
with which thoy collide - i.o2., destroy their cnergy lying
above the interscecction - as ohtninable by adding rock dust
to coal dust for thoe prevention of coanl dust explosions -
bhut os iviag the recaction mecheniem o different course
throuzgh influencing the pre-~rcactions.

That thie oction of knock inhibitors in their effect
reste on the pre-reancticneg initiated by the conpression
beconecs cevideant from the fact thot they have no influence
on the explosion wave in pipes, during which process there
is no tinc for pre-reactions in the uaburnt part.
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APPLICATION OF TEE‘CONCEPTS.OFAKINETICS OF REACTION

% e D0 THE COMBUSTION -OF -THE RESIDUAL CHARGE

O re-exanination of the mcchanism of knock on the

- basis of this angle, eanlarged with the help of chenical

kincetics, it is scen that the effects on the residual
charge, anlways in danger of o knocking conhbustion as a
result of reactions relcased by the comnpression, are as
follows (fig. 19): . ;

1. Piston stroke: After top center it acts in direc-
tion of a presgure and temperature drop and so
slows down the speed of reaction in the residu-
al charge;y

2. Exmnansion of burnt gos: It acts against the reduc-
tion of pressure due to the piston motion and
should exceed 1t as a rulece. The heat input
fron the approaching flame front throush radia-
tion on the nixture not directly at the flane
front. RBoth accelerate the specd of rcaction
through pressure and tenperature risc.

3. The heat produccd by the recaction itself or by ac-
tivation due to chain-branching - which causcs
a rise in tenperature and through it of the
speed of reaction in. the residual charge. This
effect is largely contingent upon the time lapse
hetween compression and arrival of flanc frount;

£

4, Heat removal (or heat input) duc to heat transfer
to the walls., In a given case, chain interrup-
tion through the walls and consequently reduc-
tion in speed of reaction.

Qualitatively, the ceffect of form of combustion chan-
ber, spark plug setting, turbulence and walls may accord-
ing to the foregoing be appraised as follows:

A long flame path, i.e., great distance of the coraners
of the combustion chanber farthest away fron the spark plug
incrcoses, with the time period during which the residual
chorge is.left to itself after conmpression, the probability
of the reactions terminating in explosion. A residual
charge at grcat distance from the spark plug is harmless
so lons as it is deprived of heat of compyression and heat
of pre-reaction,.
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By raising the combustion rate, whether through dis-
placer e¢ffecet, turbulence, or vibration, the auto-ignition
proccss on onec side in the residual charge is overtaken
sooncr by the flame front and the knock tendency thus re
duced, while on the other side the accelcrated conpression
lowers thc heat removal from the residual charge. VWhich-
ever effect predominates édepends upon the wall tenpera-
turcs and the stage of auvto-~ignitiorn process. As a rule,
however, the knock is less apt to occur in accelerated
comvustion, as seen for instance from the effect of the
r.n.nte on the knock, and the use of several spark plugse.

Turbuleace iacreases the combustion specd as well as
the heat transfer. If the wall tenperatures are lower
than thosge of the residual charge, turbulence acts to re-
duce knock, otherwise to incrcasec knock. The lower the
wall tenperatures are, the less the knock teadency will Te.
The cxtent to which knock can be reduced say, through none-
partitioned combustion chenbdber form and avoidance of hot
exheust valve, for instance, is readily apparcnt from the
high knock resistvance of tn sleeve~valve engine,

The reason for cur inadbility to give a gquantitative
appralsal of these effects rests in our lack of insight
into the mnechaniso of reaction acconpanying thre conbustion
of hydrocarbonrsg and on our insufficient knowledge of the
heat transfer during rapidly changing processes. The
boundary c¢f the rosidual charge is formed by partly hotter,
partly cooler combustion-chanber walls and by a hot flane
front. Here, it is at present inpossible to give,cven only

approxinately correct iuformation about the hb"t exchange
of the residual charge with its boundary surfoces dve. to
hent conduction influenced by turbulence, as well as throuzgh
the radiation of the individuvwal gas layers through the
others, nor throush the enery transferred direct to the
walls Dy pressurc waves. :

SUMMARY

It is the function of every thcecory to classify expe-
riences in o uniform poattern, so as to onable predictioas
to be nade on tho hasis of this standard. A theory is
correct so long as it is not refuted by experimnce. If,
with o limitcd anount of experience, several non~contra-
dictory interpretations are feasible, the sinpler cne is
the best.
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As regards the process of knock, we are aware-that,
especially rclative to the behavior of fuels, to the nech-
_anisn of ,reacticns .over the -differecnt internediate-conpo~
nents, and to the correct interpretation of nany phenonena
as cause or ceffect, our state of knowledge presents many
gaps. But even so, it appears that on the basis of the
theory of the autonmatically occurring rcactions in the
fuel-air mixture, the nost unifornm =nd simplest interpre-
tation of the effect of combustion chanber on engine knock
is possible, whercin displaccr effect, explossion wave, and
increcasc of conbustion due to vidbrations will play, at the
nost, sccondary part.. ' ' '

Translation by J. Vanier,
National Advisory Committee
for Acronautics.
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Pigure 2.~ Oscillozram with pressure distribution
in cylinder and marking of arrival of
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